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Edited by Robert B. RussellAbstract The present study investigated the changes in ultra-
structural features of dermal collagen ﬁbrils of mice following
exposure to diﬀerent cumulative chronic low-dose X-irradiation
through digital image analysis-based statistical modeling. Puber-
tal mice were X-irradiated and dorsal skin biopsies were col-
lected and processed for transmission electron microscopic
(TEM) analysis. TEM features of collagen ﬁbrils showed alter-
ation in the cross-sectional area, population density and in the
axial periodic pattern of light and dark bands. The mathematical
analysis of histogram data from TEM images revealed some
adaptive behavior in collagen structures of the X-irradiated
group. This ﬁnding indicated that exposure to chronic low-dose
X-radiation induced an altered steady state with adaptive varia-
tion in dermal collagen ﬁbrils in irradiated mice.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Individuals are constantly exposed to low levels of natural
background ionizing radiation from a variety of sources, viz.
radon, cosmic rays in the atmosphere, the nuclides found in
soil, diet, and in the body. Additional radiation exposure
may occur through medical diagnostic and treatment pro-
grams. The present natural radiation dose in various parts of
the world ranges from <1 to >280 mSv per year (1 mSv =
0.1 cGy for X-ray) amounting to an average individual dose
of natural radiation received by the world population to about
2.4 mSv/year [1–3]. The average individual radiation dose from
all nuclear explosions, accumulated between 1945 and 1998, is
estimated to be about 1 mSv [4]. However, there is no generally
accepted consensus on the cut-oﬀ value of the permissible levelCorresponding author. Fax: +91 33 2473 5197.
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doi:10.1016/j.febslet.2007.09.041ieties. Puof low-dose radiation. There are at least two schools of
thought regarding low-dose eﬀects on mammals. The ﬁrst
school proposes that low-dose radiation turn on an adaptive
phenomenon known as ‘‘radiation hormesis’’ which has a ben-
eﬁcial eﬀect [5–9]. The possible mechanism of the hormetic ef-
fect produced by low-dose radiation include induction of
proteins involved in DNA repair process, induction of free
radical scavengers to make irradiated cells resistant to further
exposure and/or stimulation of immune system [10–13]. The
other view, expressed by the International Commission on
Radiation Protection (ICRP), advocates that there is no safe
dose of radiation and its detrimental eﬀect is dependent upon
the quantity, localization and time scale of irradiation [14].
However, the hypotheses on the eﬀect of low-dose radiation
were based primarily on linear extrapolation of data obtained
from high-dose radiation study and therefore suﬀer from
intrinsic uncertainty regarding validity.
Our group for the ﬁrst time has reported a signiﬁcant level of
alteration, with a fuzzy trend, in the trace metal status in
peripheral blood, nails and hairs of medical radiographers
[15–17] as well as in rat skin exposed to multi-fractionated
chronic whole body low-dose X-radiation [18,19]. Changes in
the structure of collagen were also noticed in the skin of these
rats [20]. Since reports on high-dose radiation have docu-
mented that, besides epidermis, X-radiation also aﬀects the
dermal collagen [21,22]. In recent times, in clinical practice
of radiotherapy, hyper-fractionation is applied with an aim
of improved tumor control rates without increasing the risk
of late complications [23]. With these ﬁndings in mind, the
present study was designed to study the structural attributes
of dermal ﬁbrillar collagen of chronic low-dose whole body
X-irradiated mice in comparison to age matched control
through statistical modeling combined with mathematical
analysis of digital image analysis (DIA) data of transmission
electron microscopy (TEM) features of the said ﬁbrils to sense
the radiobiological events in mammalian skin under low-doses
of ionizing radiation.2. Materials and methods
A total of 40 pubertal male mice (strain BALB C57/BL10) weighing
around 20–23 g, were purchased from NIN, Hyderabad and main-
tained in the animal facility of the Institute. The animals were fed with
standard pellet diet and given water ad libitum. Mice were divided intoblished by Elsevier B.V. All rights reserved.
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mals were sub-grouped as C1 (early control (n = 5)) and C2 (late con-
trol (n = 5)). Thirty experimental animals were also divided into four
sub-groups i.e. R1 (n = 7), R2 (n = 7), R3 (n = 7) and R4 (n = 9).
The experimental protocol met the National Guidelines on the Proper
Care and Use of Animals in Laboratory Research (Indian Science
Academy, New Delhi, India) and was duly approved by the Animal
Ethics Committee of the Institute.
2.1. Experimental schedule
The experimental animals were X-irradiated using a portable diag-
nostic 15 mA X-ray machine with inherent ﬁlter of 1 mm Al. Machine
was operated at 70 kV with a skin target distance of 2.5 m. During irra-
diation (at the dose rate of 0.015 cGy/s) animals were kept in suitable
Perspex boxes following a dose schedule (Table 1). The dose of the
radiation was determined with 3-disc CaSO4:Dy TLD badges. The
cumulative radiation doses for diﬀerent experimental sub-groups wereTable 1
X-irradiation and tissue collection schedule for mice
Dose group Day of commencement of
X-irradiation (considering ﬁrst day
of experiment as ‘‘0’’ day)
No. of dose fractio
C1 – –
C2 – –
R1 0 8
R2 160 40
R3 115 62
R4 0 116
aReceived natural background ionizing radiation of about 0.005 cGy per m
Fig. 1. (a) and (b) are 350 · 592 cross-sectional and longitudinal test im0.125 cGy (R1), 0.6 cGy (R2), 0.94 cGy (R3) and 1.76 cGy (R4) and
these were administered in 8, 40, 62 and 116 dose fractions, respec-
tively.
2.2. Collection of tissues
Full-thickness incision biopsies from dorsal skin of X-irradiated and
control mice were collected under Nembutal anesthesia (30 mg kg1
body weight) under deﬁnite experimental schedule (Table 1). Single
incision was carried out for collection of full thickness skin sample
from individual mouse.
2.3. Ultrastructural study
Small size pieces (1 mm · 2 mm) of skin samples were ﬁxed in pri-
mary ﬁxative (2.5% glutaraldehyde in 0.12 M phosphate buﬀer (PB))
for 48 h at 4 C [20,24]. The tissues were then washed in 0.12 M PB
and post-ﬁxed in 2% osmium tetroxide for 2 h at room temperature
with constant shaking. Following post ﬁxation, tissues were dehy-ns Total dose received (cGy) (natural
background radiation (a) + X-ray from
machine (b))
Day of tissue
collection during
experiment
0.005 cGy (a) 30
0.0275a 240
0.125 (a + b) 30
0.60 (a + b) 240
0.94 (a + b) 240
1.76 (a + b) 240
onth.
ages (80,000·) respectively with marked in 128 · 128 sample images.
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i
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ultra-thin sections, made by Nova ultratome(LKB), were collected on
copper grids and stained with uranyl acetate and lead citrate [20]. Sec-
tions were observed under TEM (JEOL100 CX TEM), operated at
60 kV. The electron micrographic images of dermal collagen ﬁbrils
were then digitized for DIA.
2.4. Image analysis
In this study, DIA has been used to qualitatively measure the radio-
biological events. A probabilistic measure has been proposed to char-
acterize both cross-sectional and longitudinal TEM images of collagen
ﬁbrils of control and X-irradiated mice under diﬀerent radiation doses.
The 128 · 128 pixels of sample images have been taken through ran-
dom sampling from each of the diﬀerent categories of test images,
which are of larger dimension as shown in a representative image
(Fig. 1a and b).ig. 2. (a)–(l): (a)–(f) are cross-section of collagen ﬁbers under TEM; (g)–(l) ar
mages (128 · 128) of C1 (early control) on 30th day of study; (b) and (h) TEM
i) are TEM images (128 · 128) of R1; (d) and (j) TEM images (128 · 128) of R
mages (128 · 128) of R4. R1, R2, R3 and R4 are diﬀerent irradiation groupsThe sample images have been shown in Fig. 2a–l. It has been ob-
served that in the cross-sectional images, the perimeters became hazier
and darkness becomes reduced with the monotonic increase of radia-
tion dose. DIA has been performed on these 128 · 128 pixel images.
The changes in longitudinal section of sample image are quite random
both in terms of intensity and orientation of the above-speciﬁed light
and dark shade.
2.5. Statistical modeling
The histogram of an image f(m,n) is deﬁned as a vector that contains
the count of number of pixels in the image at each grey level. The his-
togram h(i) can be deﬁned as
hðiÞ ¼
XM1
m¼0
XN1
n¼0
dðf ðm; nÞ  iÞ; i ¼ 0; 1; . . . ; P  1 M ¼ N ¼ 128
ð1Þe longitudinal section of collagen ﬁbers under TEM; (a) and (g) TEM
images (128 · 128) of C2 (late control) on 240th day of study; (c) and
2; (e) and (k) are TEM images (128 · 128) of R3; (f) and (l) are TEM
receiving 1.25, 0.6, 0.94 and 1.76 cGy, respectively.
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dðwÞ ¼ 1 w ¼ 0
0 otherwise

The histogram of various grades of images has been shown in Fig. 3a–
f. The shape and size of histogram varies with the varying dose of radi-
ation. This change in histogram is attributed by change in size, change
in distribution and change in grey level contrast. In this work, an at-
tempt has been made to capture this change. Parametric modeling
technique has been used to describe this histogram. The parametric
modeling functions operate with the rational transfer function model.
Given appropriate information about an unknown system (impulse or
frequency response data, or input and output sequences), these func-
tions ﬁnd the coeﬃcients of a linear system that models the system.
The histogram has been treated as the complex frequency response
of a system and has the following form [26]0
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Fig. 3. (a)–(f): (a) and (b) are histograms of TEM images (cross-sectional
sectional view). Diﬀerent X-irradiated groups (R1–R4). C1 and C2 are early
are diﬀerent irradiation groups receiving 1.25, 0.6, 0.94 and 1.76 cGy respeHðzÞ ¼ BðzÞ
AðzÞ ¼
Pp
i¼0bðiÞ  ziPq
i¼0aðiÞ  zi
ð2Þwhere p and q specify the desired orders of the numerator and denom-
inator polynomials. The autoregressive (AR) parameter vectors a and
moving average (MA) b have been obtained by using MATLAB func-
tion of ‘invfreqz’. The function ‘invfreqz’ uses an equation error meth-
od to identify the best model from the data. This ﬁnds a and b in
min
a;b
Xn
k¼1
wtðkÞjhðkÞAðwðkÞÞ  BðwðkÞÞj2 ð3Þ
A(w(k)) and B(w(k)) are the Fourier transforms of the parameter vec-
tors a and b, respectively, at the frequency w(k), and n is the number of
frequency points (the length of h and w).0
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view) of C1 and C2 and (c)–(f) are histograms of TEM images (cross-
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3.1. Simulation studies
Transmission electron micrographs of dermal collagen ﬁbrils
(cross-sections and longitudinal sections) in late control (C2)
and X-irradiated (R2–R4) mice indicated morphological
changes in comparison to early control (C1) and early irradi-
ated group (R1). Changes in ﬁbril morphology were exhibited0
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ig. 4. (a)–(f): (a) and (b) are histograms of TEM images (longitudinal view) of
R1–R4). C1 and C2 are early (30th day) and late (240th day) control groups w
.6, 0.94 and 1.76 cGy, respectively.in respect to their population density, distribution pattern,
cross-sectional diameters, optical density, altered distinctness
of perimeter and axial light and dark bands (see Fig. 4).
In DIA the histograms of the TEM images have been mod-
eled as the frequency response of a linear system as discussed
in the previous section. In this paper, the value of p and q (order
of numerator and denominator in Eq. (2)) has been empirically
considered as 2 and 3 respectively by trial and error basis. InFr
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C1 and C2 and (c)–(f) are histograms of diﬀerent X-irradiated groups
hile R1, R2, R3 and R4 are diﬀerent irradiation groups receiving 1.25,
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for all the 128 · 128 sub-images. TEM was performed on all
samples (early control 5, late control 5, four radiation groups
comprising seven samples each) and galleries of image samples
were obtained. Sub-images were collected randomly from this
image gallery. Table 2c–d shows the results from seven cross-
sectional sub-images of size 128 · 128 whereas Table 3c–d con-
sidered four longitudinal sub-images of size 128 · 128. The en-
ergy of AR parameters has been deﬁned asTable 2
AR and MA parameters of cross-sectional images
b(0) b(1) b(2) a(0)
(a) (b)
4.2873 11.1417 1.6957 1
5.2447 13.8751 2.4608 1
12.2308 15.3695 5.2757 1
26.9898 11.4497 11.4681 1
10.1866 18.3266 5.7155 1
10.0371 14.6838 4.7006 1
3.1612 13.5048 2.1253 1
10.8272 13.7276 4.1805 1
(c) (d)
61.5173 14.7678 38.573 1
50.6973 18.4397 29.7739 1
42.2334 18.5497 22.1258 1
46.5805 5.7612 19.717 1
42.0089 11.0109 19.0802 1
64.9087 8.4362 41.7041 1
49.9958 14.2012 27.9613 1
(e) (f)
5.1822 9.3231 1.0287 1
4.2958 15.5053 1.0287 1
9.9952 16.2932 2.4533 1
36.1601 4.3138 9.9267 1
12.0394 10.567 2.029 1
10.6881 8.9108 0.3053 1
1.1174 16.5167 0.1077 1
(g) (h)
30.9757 30.2143 12.4278 1
41.9744 28.7311 26.9837 1
38.8876 29.5334 19.9586 1
42.4442 28.9328 27.0603 1
42.9594 28.9225 26.3125 1
64.9631 15.9733 40.8514 1
56.0824 20.3394 26.7929 1
(i) (j)
66.0619 15.1805 39.0657 1
56.0775 11.6881 29.5495 1
68.041 13.8992 40.4511 1
55.3997 11.9625 30.0164 1
36.7318 26.7094 20.0364 1
66.0464 9.14 41.5496 1
(k) (l)
56.8223 2.1637 27.4917 1
45.8744 21.9325 13.6528 1
69.9419 15.2548 46.2022 1
58.8901 14.7999 33.615 1
36.9181 6.5208 8.4682 1
36.9451 5.4696 15.9159 1
(a, b) b and a parameters of the CS sub-image of C1, (c, d) b, a parameters
R1, (g, h) b, a parameters of the CS sub-image of R2, (i, j) b, a parameters o
R4.EAR ¼
Xq
i¼0
aðiÞ2 ð4ÞIn cross-sectional TEM features of dermal collagen, a decreas-
ing trend of AR energy EAR has been noticed with the increas-
ing dose of X-irradiation and age of the mice (Fig. 5), while
TEM features of longitudinal sections of such collagen ﬁbrils
have shown a little change in AR level (Fig. 6).a(1) a(2) a(3)
1.4067 1.2161 0.3364
1.3728 1.1435 0.2856
1.1259 0.9245 0.1627
0.759 0.6738 0.1101
1.2212 0.9403 0.1625
1.1848 0.9847 0.1993
1.443 1.2026 0.308
1.1294 0.989 0.2152
0.1872 0.0627 0.2567
0.3767 0.0816 0.2686
0.4665 0.2904 0.1913
0.2334 0.3997 0.1287
0.449 0.3896 0.0396
0.1161 0.0684 0.1417
0.3683 0.1653 0.1658
1.6487 1.4895 0.4073
1.4811 1.3046 0.2806
1.0537 0.9669 0.1455
0.0908 0.5902 0.1346
0.5836 0.9318 0.0544
0.8161 0.9732 0.1425
1.2249 1.1301 0.197
0.7215 0.2088 0.4416
0.586 0.0549 0.4786
0.7113 0.1538 0.5365
0.6617 0.2645 0.5252
0.6268 0.2923 0.5544
0.1405 0.2634 0.3578
0.1086 0.0219 0.4611
0.0798 0.112 0.2368
0.1943 0.1174 0.1741
0.1202 0.1878 0.1741
0.2332 0.0689 0.2276
0.5887 0.2132 0.3666
0.0309 0.0961 0.2108
0.1923 0.1254 0.0297
0.5056 0.2217 0.2387
0.1678 0.3662 0.2217
0.2797 0.2167 0.3143
0.512 0.6385 0.2381
0.7186 0.4655 0.1191
of the CS sub-image of C2, (e, f) b, a parameters of the CS sub-image of
f the CS sub-image of R3, (k, l) b, a parameters of the CS sub-image of
Table 3
(a, b) b and a parameters of the longitudinal section sub-image of early control grade; (c, d) b, a parameters of the LT sub-image of late control grade;
(e, f) b, a parameters of the LT sub-image of X-irradiated group (rad. dose 0.125 cGy); (g, h) b, a parameters of the LT sub-image of X-irradiated
group (rad. dose 0.6 cGy); (i, j) b, a parameters of the LT sub-image of X-irradiated group (rad. dose 0.94 cGy); (k, l) b, a parameters of the LT sub-
image of X-irradiated group (rad. dose 1.76 cGy)
b(0) b(1) b(2) a(0) a(1) a(2) a(3)
(a) (b)
65.5818 5.8299 51.0065 1 0.1614 0.6806 0.0217
39.4901 30.4705 29.6811 1 0.706 0.5965 0.5742
70.6701 6.6542 52.0423 1 0.0569 0.6085 0.1563
45.2066 35.8478 27.9163 1 0.7824 0.3188 0.4777
62.4769 18.6514 41.8082 1 0.3146 0.4669 0.3472
(c) (d)
11.5872 10.0039 1.7914 1 1.3872 1.147 0.4116
43.0012 1.7459 18.8142 1 0.2955 0.4332 0.0459
36.6761 4.163 10.2797 1 0.407 0.5489 0.0057
44.1315 2.1692 18.1739 1 0.3812 0.4455 0.1752
(e) (f)
66.8412 17.1565 42.2149 1 1.3872 1.147 0.4116
31.6089 30.8088 18.4702 1 0.2955 0.4332 0.0459
36.7371 27.5274 23.201 1 0.407 0.5489 0.0057
19.1 32.8417 2.688 1 0.3812 0.4455 0.1752
66.7156 13.7289 42.3558 1 0.0899 0.3191 0.3239
(g) (h)
39.1247 13.5197 10.9762 1 0.2129 0.5211 0.1108
26.6952 30.3783 5.7509 1 0.7799 0.5963 0.1558
60.8964 22.3019 35.227 1 0.2173 0.0746 0.3599
58.256 6.5766 29.2154 1 0.141 0.1409 0.1043
47.375 7.9777 18.9597 1 0.0192 0.3869 0.0767
62.7311 13.455 32.4795 1 0.0287 0.0006 0.2374
(i) (j)
63.1619 2.0855 33.1978 1 0.1563 0.115 0.1023
70.4015 0.0303 49.1731 1 0.1165 0.4813 0.0817
39.5033 11.7864 19.5208 1 0.7811 0.2787 0.1149
60.8756 0.1914 34.6177 1 0.0752 0.0652 0.0312
32.1532 20.5472 20.1509 1 0.9404 0.3481 0.0294
60.3055 6.2304 37.9776 1 0.2792 0.182 0.1733
(k) (l)
50.7622 4.8561 25.8951 1 0.1116 0.2937 0.0029
3.5539 15.8105 0.4881 1 1.2453 1.1452 0.2494
3.9142 11.7807 1.4855 1 1.0518 0.8821 0.071
64.5316 3.9613 37.9719 1 0.1322 0.0445 0.0398
62.2499 5.2811 35.4125 1 0.3027 0.0984 0.0934
Fig. 5. AR energy variation as noticed for TEM images of mice
collagen ﬁbrils (cross-sectional view) with diﬀerent radiation dose and
age. The series of data is for C1, C2, R1, R2, R3 and R4. C1 and C2
are early (30th day) and late (240th day) control groups while R1, R2,
R3 and R4 are diﬀerent irradiation groups receiving 1.25, 0.6, 0.94 and
1.76 cGy, respectively.
Fig. 6. AR energy levels as noticed for TEM images of mice collagen
ﬁbrils (longitudinal sectional view) with diﬀerent radiation dose and
age. The series of data is for C1, C2, R1, R2, R3 and R4. C1 and C2
are early (30th day) and late (240th day) control groups while R1, R2,
R3 and R4 are diﬀerent irradiation groups receiving 1.25, 0.6, 0.94 and
1.76 cGy, respectively.
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Workers in nuclear mining and other nuclear establishments,
medicine (radiological and radiotherapy services), industrial
radiography, aviation etc. are occupationally exposed to low
doses of ionizing radiation in a chronic way where the maxi-
mum acceptable exposure level is 20 mSv per year and limit
for the general public is from 5 mSv to 1 mSv [14]. But these
exposure limits are not unanimously accepted in the scientiﬁc
community not only due to the concept of stochastic eﬀect
of X-radiation but also due to the paucity of both experimental
and epidemiological data in the ﬁeld of low-dose radiation
biology.
Integument, an ideal system of radiobiological research, pro-
vided varied experimental data due to its unique characteristics
of continuous cellular renewal and adaptability in response to
endogenous and exogenous environmental stimuli. Therefore,
to deﬁne further the actual radiobiological phenomena in skin,
more experimental data on ﬁner aspects of structural biology
are needed. In this context the present study utilized the poten-
tial of combination of TEM analysis with DIA supported by
appropriate mathematical tools and statistical modeling to de-
ﬁne the ultrastructural behavior of dermal ﬁbrillar collagen
following chronic low-dose X-radiation.
Fibril forming collagens mainly produced by the ﬁbroblasts
and of much the same structure and function are found in all
vertebrates and many more primitive organisms [27]. Fibrillar
collagens are responsible for the maintenance of the structural
integrity of the dermis and shows varied structural alterations
and distribution in diﬀerent pathological conditions [28,29].
Probably, important biological advantages are conferred for
better adaptability by changes in the structure of the collagen,
since the gene protein system for collagen is highly sensitive to
mutations that alter the primary structure of the protein.
In our previous study, we have demonstrated patchy and
completely hyalinized collagen ﬁbers under low-dose radiation
in albino rats [20]. Patchy and complete hyalinization of colla-
gen ﬁbers has also been reported by Warren [21]. Experiments
have shown that active protein synthesis is necessary for the
cellular system for bringing about the adaptive response to
low-dose radiation exposure [30]. Using a relatively higher
dose (8–16 Gy), Murray and Parkins [31] have shown that fol-
lowing a single radiation exposure, collagen and total protein
synthesis rates were signiﬁcantly depressed by 2 months which
was recovered by 4 months. By 6 months, all synthesis rates
had increased above control in a dose-dependent manner. In
the current investigation we have noticed that structurally of
dermal collagen ﬁbrils showed kind of adaptation with an al-
tered steady state in response to diﬀerent doses (hyper-frac-
tionated) of X-radiation in advancing age (Figs. 5 and 6).
However, it is to be noted that altered steady state of the col-
lagen ﬁbrils in the X-irradiated groups (R2–R4) was not very
diﬀerent from that late control (C2) animals and collagen
behaviors of early control (C1) and early irradiated (R1) were
similar (Figs. 5 and 6). Interestingly exhibition of diﬀerent
steady state was most prominent in cross-sectional TEM fea-
tures (Fig. 5).
Morphological alteration of collagen structures in C2 and
R2–R4 may be corroborative with concept of adaptation un-
der low-dose irradiation with an altered steady state. This
DIA and statistical modeling of these data probably added
a new dimension in deﬁning structural radiobiological featuresfrom the perspective of dose–response relation and adaptive
variation. It has been shown that the well deﬁned shape and
good contrast of the cells can be captured by the strength of
the AR parameter coeﬃcients. This fact is well established
in Fig. 5, for the case of cross-sectional images. However,
the histogram models of the longitudinal sections do not re-
ﬂect any well-established trend due to the overlapped collagen
ﬁbers. The cross-sectional images showed the same decreasing
trend in both the control and X-irradiated study subjects.
Whether the decreasing trend in the X-irradiated mice is due
to natural changes or cumulative eﬀect of natural aging and
chronic low-dose X-irradiation remains to be determined.
We propose that this may be due to natural adaptive potenti-
ality of the mammalian subjects under chronic low-dose X-
irradiation, which corroborates with the idea of radiation hor-
mesis. In conclusion, the adaptive structural behavior collagen
ﬁbers probably justiﬁes validity hyper-fractionation in clinical
radiobiology does not contradict the concept of radiation hor-
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